We study electromagnetically induced transparency of a ladder type configuration in ultracold atomic gases, where the upper level is an electronically highly excited Rydberg state. We study a scenario where both dispersive and dissipative long-range interactions between Rydberg atoms are present. This is motivated by recent experimental discovery, where molecular transitions cause an effective two-body dephasing process. It has been shown that long-range van der Waals interactions suppress simultaneous excitations of multiple Rydberg atoms within a blockade volume. We show that the nonlocal, two-body dissipative process enhances the excitation blockade. Through numerical and approximately analytical calculations, we show that transmission of the probe field is reduced drastically in the transparent window, which is accompanied by stronger photon-photon anti-bunching. Around the Autler-Townes splitting, photon bunching is amplified by the two-body dephasing, while the transmission is largely unaffected.
I. INTRODUCTION
Electromagnetically induced transparency (EIT) plays a pivotal role in quantum and nonlinear optics and has been investigated intensively in the past two decades as a typical example of coherent interference effects [1] [2] [3] . EIT finds applications in slowing down light speed and even storing light as atomic excitations [4] [5] [6] [7] [8] , preparing quantum entangled states [9, 10] , implementing logic operation for quantum information processing and optical communication [11, 12] . Recently it has been shown that strong and long-range interactions between individual photons can be achieved using Rydberg atoms, which are in electronically highly excited states with principal quantum number n 1. Rydberg atoms have long life times (∼ n 3 ) and strong interactions (e. g. van der Waals interaction strength ∼ n 11 ). Such strong interaction changes energies of spatially separated Rydberg atom pairs stat. Hence a Rydberg atom strongly suppresses Rydberg excitation of nearby atoms, giving rise to the so-called excitation blockade effect. The strong Rydberg atom interaction can be mapped to light fields at the few-photon level through EIT [13, 14] . This allows us to study nonlinear quantum optics [15] and find potential applications in quantum information processing, such as single photon generation [16] [17] [18] , single-photon filters [13, 19] , single-photon substractors [20, 21] , single-photon transistors [22, 23] , singlephoton switches [24, 25] , single-photon gates [26, 27] , and * Electronic address: ydbest@126.com † Electronic address: weibin.li@nottingham.com photonic dimers and trimers [28, 29] . Experimentally Rydberg states with low angular momentum quantum numbers, such as S-, P -and D-states can be excited through single or two photon excitations [30] . The rich Rydberg levels have permitted experimental and theoretical investigations of EIT with single [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] as well as multiple components Rydberg states [50] [51] [52] [53] [54] [55] [56] . In cases of Rydberg S-and P -states, large energy spacing (compared to laser Rydberg frequencies) between neighboring Rydberg states leads to coherent two-body interactions, which lay the foundation for many optical quantum information applications [30] .
Dephasing and decay of Rydberg atoms are unavoidable in long time dynamics due to, e.g., atomic motions and finite lasers linewidth [57] . In this situation, dynamics of Rydberg gases are modelled by open quantum systems. Competitions between dissipation of individual atoms and two-body Rydberg interactions as well as laser-atom coupling results to interesting drivendissipative many-body dynamics, such as glassy dynamics induced by dephasing of single Rydberg atoms in a lattice system [58] , bistability and metastability [59] , Mott-superfluid phase transition [60] , emergence of antiferromagnetic phases [61] , dissipation controlled excitation statistics [62] , and dissipation induced blockade and anti-blockade effects [63] .
While previous studies have focused on incoherent channels at single Rydberg atoms, two body dissipation occurs in dense atomic ensembles. For example, collective decay of Rydberg atoms is generated by strong atombackground photon field coupling. The resulting superradiance considerably increases decay rate of Rydberg atoms on top of single atom decay [64, 65] . A recent experiment demonstrated that transmission of a weak
Level scheme. Cold atoms are driven by a classical coupling field (with Rabi frequency Ω d and detuning ∆ d ) and a weak probe field (Rabi frequencyΩp and detuning ∆p) in a three-level ladder configuration where |g , |e and |d are ground state, intermediately excited state and highly excited Rydberg state, respectively. V (R jk ) and Γ jk (R jk ) are long-range van der Waals interaction potential and two-body dephasing, which depend on space separation R jk between two atoms. (b) An equivalent level structure for a superatom (SA) which is composed of three collective state |G , |E and |D regardless of the shape of the SA in the weakprobe limit. Note that in this case the probe Rabi frequency is enhanced by a factor of √ Na with number of atoms Na. (c) Geometrical arrangements of the SAs with (blue solid line) and without (red dashed line) TBD in the presence of vdW interactions when the weak probe field propagates in an onedimensional atomic ensemble. The sphere represents areas of SAs.
probe field in a cold gas of Rubidium atoms excited to Rydberg D-states decreases slowly with time [66] . Such non-equilibrium transmission is attributed to the fact that two Rydberg atoms in the target D-states couple to energetically close pair states. It was argued that the molecular vibration-Rydberg state coupling opens a twobody dephasing (TBD) channel [66] . Note that collective dephasing was predicted to occur between quantum emitters (two-level atoms), which is originated from spinphonon coupling [67] .
In this work, we study Rydberg-EIT in a regime where spatially dependent dephasing between Rydberg atoms is relevant. In our model, both the interactions and dissipations of Rydberg atoms depend on separations between Rydberg atoms. Using an effective superatom (SA) model [49] , we study the interplay between coherent and incoherent two-body processes. We find that the blockade radius is enlarged by the presence of two-body dephasing. As a consequence, this alters transmission and two-body correlation of the probe field.
The structure of the work is the follows. In Sec. II, the Hamiltonian of the system is introduced. A manybody master equation is used to describe the dissipative dynamics. In Sec. III, the approximate method to solve light propagation and atomic dynamics is introduced. In Sec. IV, we present main results of this work, namely transmission of the probe field. We identify parameter regions where the transmission is affected most. In Sec. V, we will show how photon-photon correlations are modified by TBD. Through numerical and analytical calculations, we determine scalings of the blockade radius with respect to the two-body interactions. We conclude in Sec. IV.
II. MASTER EQUATION OF THE MANY-ATOM SYSTEM
We consider a cold gas of N a Rb atoms, which are described by a three-level ladder type configuration with a long-lived ground state |g , a low-lying excited state |e with decay rate γ e , and a highly excited Rydberg state |d . The level scheme is shown in Fig.1(a) . For Rb atoms [66] , for example, these states are given by |g = |5S , |e = |5P and |d = |nD . The upper transition |e → |d is driven by a classical control field with Rabi frequency Ω d and detuning ∆ d . The lower transition |g → |e is coupled by a weak laser field, whose electric field operator and detuning is given byÊ p and ∆ p , respectively. In Rydberg states, two atoms located at r j and r k will experience long-range interactions.
Here we assume this is a van der Waals (vdW) type interaction, given by V (R jk ) = C 6 /R 6 jk , where C 6 is the dispersion coefficient and R jk = |r j − r k | is the distance between the two atoms. The Hamiltonian of the system readsĤ
describes the atom-light interaction. We have defined the Rabi frequency operatorΩ p = gÊ p with g the single atom coupling constant [57] .
k is the vdW interaction between Rydberg atoms. Hereσ mn j = |m j n| is the projection operator of the j-th atom. Taking into account dissipative processes, dynamics of the many-atom system is governed by the following master equatioṅ
where γ d is single atom dephasing rate in state |d .Γ jk gives the two-atom dephasing rate [66, 67] . To be concrete we assumeΓ jk has a similar spatial dependence as the vdW interaction, i.e., Γ jk = Γ 6 /R 6 jk with Γ 6 being a coefficient characterising the strength of the TBD.
Without TBD, isotropic van der Waals interactions between atoms give rise to an excitation blockade effect [32, 33, 36, 37, 41, 49, 52, 68] within a sphere V 0 = 4πR 3 0 /3. In this volume, a single Rydberg excitation lifts the resonance condition of other atoms. The volume is determined by the blockade radius R 0 6 C 6 γ e /Ω 2 d [49] . When density ρ of atomic gases is high, N a = ρV 0 > 1 atoms share one Rydberg excitation, which permits us to introduce the so called superatom model for such collective single Rydberg excitation [36, 37, 41, 49, 52, 68] . Within the blockade volume, a superatom has three collective states, the ground state |G = |g 1 , · · · , g Na , singly excited states |E = j |g 1 , · · · , e j , · · · , g Na / √ N a and |D = j |g, · · · , d j , · · · , g Na / √ N a . Other states are prohibited from the dynamics in the weak-probe field limit. A very important consequence of the formation of superatoms is that most atoms behave like two-level atoms. This breaks the EIT condition and causes light scattering. Note that the blockade volume is not always spherical symmetry. Other shapes could be obtained if the van der Waals interaction is spatially anisotropic [69] .
When the TBD is present, the blockade volume will be increased. To illustrate this, we write down the non-Hermitian effective Hamiltonian of the master equation [70] ,
we have written the coherent and incoherent two-body terms together. Under resonance condition ∆ p = ∆ d = 0, we can derive a new, combined blockade radius by comparing the two-body and laser coupling part of the effective Hamiltonian,
This result shows that the bigger the value Γ 6 , the larger the combined blockade radius R b is. At the limit Γ 6 C 6 , the blockade radius R b ∼ 6 Γ 6 /C 6 R 0 . A direct consequence of a larger blockade radius is that more atoms are blocked from Rydberg excitations, which reduces the transmission signal of the probe light.
III. HEISENBERG-LANGEVIN EQUATIONS OF THE LIGHT PROPAGATION
In this section, we will study how the van der Waals interactions and TBD together affects light propagation in the atomic gas. In general, it is difficult to calculate directly responses of light fields in the presence of two-body interactions. In our case, the situation is even complicated as the vdW interaction and the TBD are coherent and incoherent two-body coupling, respectively. With the help of the blockade radius in Eq. (4), this allows us to study light propagation by employing the so-called superatom model [49] . We will work in the continuous limit, i.e. high atomic densities, and focus on one dimensional geometry, which is a good approximation as widths of light pulses are assumed to be smaller than the traversal extension of the atomic gas.
With these approximations and starting from the master equation (2) we obtain Heisenberg-Langevin equations of the operators in the weak-probe limit [49] ∂ tÊp (z) = −c∂ zÊp (z) + iηNσ ge (z) ,
where
rr (z ) are spatially dependent interaction energy and TBD rate, respectively. Both of S V andŜ Γ are nonlocal in the sense that these local quantities depend on overall atomic density ρ(z) and excitation probability distributionσ rr (z).
Following the procedure in Ref. [49] , we solve the Heisenberg-Langevin equations of independent SAs in the steady state and obtain the Rydberg excitation projection operator
The polarizability of the probe field is conditioned on the projection,P
where the polarizability becomes that of two-level atoms in a SA
and that of three-level atoms otherwise
It is clearly that optical response of a SA depends on the Rydberg projection (6), i.e., SAs behave like a two-level, absorptive medium due toΣ dd (z) = 1. The transmission of the probe light is captured by the probe light intensity I p (z) = Ê † p (z)Ê p (z) . In the steady state, the intensity I p (z) satisfies a first order differential equation,
where κ(z) = ρ (z) ω p / ( 0 cγ e ) denotes the resonant absorption coefficient. Similarly we find the two-photon
The blockade radius is encoded in the correlation function of photon pairs, which decays with the rate proportional to the excitation probability Σ RR and absorption rate of a two-level atom when photon separation is smaller than the blockade radius. Following Ref. [49] , we solve Eq. (5)-(11) with a stochastic procedure. Specifically, the 1D atomic medium is divide into N SA = L/ (2R b ) superatoms, and then we judge Rydberg excitation whether Σ rr (z) → 1 or Σ rr (z) → 0 in each SA one by one until the last one via a Monte Carlo sampling. We then average many independent realizations to evaluate mean values.
IV. TRANSMISSION OF THE PROBE FIELD
In this section, we will study the influence of the TBD on the transmission of the probe field, which is characterized by the ratio of light intensities at the output and input, i.e.Ĩ p (L) = I p (L) /I p (0) with input values I p (0). In conventional EIT, the transmission varies with the probe field detuning. High transmission is obtained in the EIT window, |∆ p | ≤ |Ω d | 2 /γ e [3] . When turning on the TBD (Γ 6 > 0), it is apparently the transmission is suppressed in the EIT window, see Fig. 2a . Increasing the strength Γ 6 of the TBD, the transmissionĨ p (L) decreases gradually (Fig. 2b) . A weaker transmission indicates that there are more atoms blocked from forming dark state polariton [3] . One can understand this by analysing blockade radius R b . When Γ 6 is increased, the blockade radius becomes larger, see Eq. (4). Fixing atomic densities, more atoms behaves similar to two-level atoms in the blockade volume. We will discuss in detail the relation between blockade radii and rate Γ 6 in the following section.
Outside the EIT window |∆ p | > Ω p , the transmission first decreases with increasing detuning ∆ p . It arrives at the minimal transmission around the Autler-Townes splitting ∆ p = ±Ω d . In this region, the TBD is less important, and the transmission is almost identical to cases when Γ 6 = 0 ( Fig. 2a ). Similar to transmission of EIT in a Rydberg medium [49] , the medium enters a linear absorption regimes, where neither vdW interactions nor TBD affect photon absorption dramatically.
In the following, we will focus on the transmission in the EIT window and explore how the TBD interplays with other parameters. We first calculate the transmission by varying atomic density and probe field Rabi frequency. To highlight effects due to the TBD, we calculate differences of the transmission with and without TBD, δĨ =Ĩ p (L) −Ĩ 0 p (L) whereĨ 0 p (L) denotes the light transmission when the TBD is turned off. The result is shown in Fig. 2c . We find that stronger probe field (larger Ω p ) and higher atomic densities in general lead to more pronounced TBD effect. In Fig. 2c , we plot a "phase diagram" to distinguish TBD dominated regions. To do so, we plot a phase boundary (dashed curve) when the difference δĨ > 1%. Below this curve the transmission is largely affected by the vdW interactions while above this curve, the atomic gas exhibits active TBD phase, where the transmission is reduced. In Fig. 2d , we show the transmission by varying both the Rabi frequency Ω p and TBD rate Γ 6 . Fixing Γ 6 , the transmission decreases with increasing Ω p . This is a result of the Rydberg blockade due to stronger energy shift by vdW interactions [21, 49] On the other hand, the transmission decreases with increasing Γ 6 if one fixes Ω p .
V. PHOTON-PHOTON CORRELATION AND TBD ENHANCED EXCITATION BLOCKADE
We first present spatial distribution of the correlation function g p (R) at the EIT resonance ∆ p = 0, shown in Fig. 3b . Without the TBD (dashed curve in Fig. 3b ), the correlation function g p (R) increases from zero at short distances to a peak value, then decays slowly and saturates at a constant value. The smaller value of the correlation function illustrates the photon-photon anti-bunching, resulted from the strong vdW interactions [21, 49] . When turning on the TBD, the correlation function changes quantitatively as a function of distance R. At short distances the correlation function becomes larger, i.e. probabilities of exciting two Rydberg atoms increase. At intermediate distances, the correlation function exhibits a narrow plateau at around R p ∼ R 0 /2, then reaches a maximal value. Though maximal values of the correlation function decrease slightly with increasing Γ 6 , they all saturate at very similar values when R → ∞, where neither TBD nor vdW interactions is important. The dependence of the correlation function on photonphoton distance R provides valuable information on the blockade radius. As shown in previous section, the modified transmission can be largely explained by examining the respective blockade radius R b . From Fig. 3b , the TBD has an additive effect on top of the vdW interaction, i.e. increases the blockade radius. The distance when the correlation function is maximal can be assigned as the blockade radius. As a result, we would expect the blockade radius increases with increasing Γ 6 [see also Eq. (4)]. As shown in Fig. 3b , the blockade radius determined from the correlation function is consistent with the analytical prediction Eq. (4).
The TBD enlarged blockade volume will directly affect the light transmission when more atoms are blocked from Rydberg excitation. Here we calculate the number N a of blocked atoms. Using Eq. (4) we obtain N a = 4πρR 3 b /3 = 4πρR 3 0 |1 − iΓ 6 /2C 6 |/3. On the other hand, the number N SA of superatoms reduces when the blockade radius increases with a fixed total volume, see Fig. 3d . For our one dimensional model, we can find the number of superatoms to be N SA = L/R b . As a result, the total number of blockade atomsN a = N SA N a = 4πLρR 2 b /3, which is proportional to R 2 b . This indicates that more atoms will be blocked from Rydberg excitation when we increase Γ 6 . This conclusion is consistent with the result shown in Sec. IV (see Fig. 2 ).
The correlation function exhibits nontrivial dependence on the TBD. To illustrate this, we calculate the normalized correlation functiong p (L) = g p (L) /g p (0) at the exist of the medium, shown in Fig. 4a . In the EIT window,g p (L) becomes smaller when we turn on the TBD. Increasing the rate Γ 6 , the value of the correlation decrease (see Fig. 4a and Fig. 4b ). Note that the transmission is large ( Fig. 2a ) even though the photon is strongly anti-bunched. In contrast,g p (L) is enhanced by the TBD outside the EIT window |∆ p | > Ω 2 d /γ e . We obtain maximal values of the correlation function around the Autler-Townes doublet ∆ p ≈ ±Ω d . Increasing the rate Γ 6 , the bunching is also increased (see Fig. 4c ). We shall point out that the transmission is smallest at the Autler-Townes doublet. When the photon flux is low, it becomes difficult to measure the TBD amplified bunching.
VI. CONCLUSIONS
In summary, we have studied EIT in a one-dimensional gas of three level ladder-type cold atoms involving highly excited Rydberg states. In this model, each pair of atoms does not only experience the long-range vdW interactions but also the nonlocal two-body dephasing. We show that the TBD can enlarge the effective blockade radius. Through numerical calculations, we demonstrate that in the EIT window, the TBD enhanced blockade effect and gives rise to weaker transmission and stronger photon-photon anti-bunching. Outside the EIT window, the transmission is hardly affected by the TBD. However, we find that the photon bunching is amplified around the Autler-Townes doublet.
Our work opens new questions in the study of Rydberg EIT. In the present work, we focused on stationary states of extremely long light pulses at zero temperature. It is worth studying how the combination of TBD and vdW interactions will affect propagating dynamics of short light pulses. Rydberg excitation experiments are typically done at finite temperatures. An immediate question here is to study how Rydberg EIT is modified by the presence of TBD at finite temperatures. In Rydberg D-state [66] two-body exchange interactions are typically present. Hence it is interesting how the spin flip-flop interactions are affected by the TBD. It is thus interesting to address these emerging, experimentally relevant questions.
